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Objective: To develop a magnetic resonance imaging (MRI) scoring system for follow-up of knee cartilage
repair procedures integrating assessment of the repair site and the whole joint called Cartilage Repair
OsteoArthritis Knee Score (CROAKS), and to assess its reliability.
Design: MRI examinations of 20 patients that had undergone matrix-associated autologous chondrocyte
transplantation (MACT) of the knee 12 months before were semi-quantitatively assessed for the repair
site using features of the magnetic resonance observation of cartilage repair tissue (MOCART) system and
for the whole joint based on experiences with the MRI Osteoarthritis Knee Score (MOAKS) instrument.
Intra- and inter-observer reliability was calculated using weighted (w) kappa statistics for plates (medial/
lateral tibia, medial/lateral femur, trochlea, patella), compartments (medial tibio-femoral, lateral tibio-
femoral, patello-femoral) and the whole joint. For certain features with low prevalence the overall
percent agreement was calculated in addition.
Results: For cartilage, reliability on a plate level ranged between 0.48 (lateral femur) and 1.00 (medial
femur). BML assessment showed comparable results ranging on a plate level between 0.46 and 1.00 with
overall percent agreement between 83.3% and 100%. Meniscal morphology assessment ranged between
0.62 and 0.94. For repair site assessment reliability ranged from 0.41 (signal intensity inter-observer) to
1.00 (several features). Overall percent agreement was above 80% for 17 of 22 features assessed (intra-
and inter-observer results combined).
Conclusions: Combined scoring of the repair site and whole joint assessment for common osteoarthritis
features using CROAKS, which is based on experience with two established semi-quantitative scoring
tools, is feasible and may be performed with good to excellent reliability.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Almost 20 years have passed since the landmark publication by
Brittberg et al. introducing surgical cartilage repair to a broad
audience1. Since then several cartilage repair techniques have beenF.W. Roemer, Department of
iliansplatz 1, 91054 Erlangen,
68.
emer@bu.edu, frank.roemer@
vard.edu (G.H. Welsch).
ternational. Published by Elsevier Lintroduced and are commonly applied now, which include matrix-
associated autologous chondrocyte implantation or transplantation
(MACI or MACT), microfracturing, osteochondral autologous
transfer, mosaicoplasty, and osteochondral allograft techniques2,3.
Clinical indications for cartilage repair surgery include persistent
pain and limitation in function, a deﬁned cartilage defect and
ideally no associated features of osteoarthritis4. The ideal patient in
regard to a favorable outcome seems to be a young, active and
compliant person with a focal defect and no additional joint dam-
age such as anterior cruciate ligament (ACL) tear or meniscal pa-
thology5. In addition to improve pain and joint function surgicaltd. All rights reserved.
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traumatic osteoarthritis leading to an unfavorable outcome and
ultimately total joint replacement. To assess clinical and structural
outcome after cartilage repair standardized questionnaires and
magnetic resonance imaging (MRI)-based assessment tools are
available4,6e9.
The latter include the magnetic resonance observation of
cartilage repair tissue (MOCART) system9, a semi-quantitative MRI-
based instrument to evaluate the repair site by morphologic MRI.
Furthermore, biochemical/compositional MRI techniques are able
to assess cartilage ultrastructure of the repair tissue10,11. While the
value of the MOCART score to evaluate the repair site in a longi-
tudinal fashion including parameters such as ﬁlling of the defect,
integration to the repair site borders, subchondral bone changes
and others is unquestioned and the use of compositional MRI
techniques to assess the matrix composition of the repair tissue is
quite well established, the remaining joint has long been ignored in
longitudinal studies of repair success. Hence only the repair tissue
itself and the directly surrounding cartilage have been analyzed.
Nevertheless it is crucial to be able to assess the whole joint after
cartilage repair as the ultimate goal to prevent osteoarthritis can
only be proven if the whole joint is assessed including the different
tissues that are integral to the joint disease. Different whole joint
MRI scoring systems for MRI assessment of osteoarthritis such as
the Whole Organ Magnetic Resonance Imaging Score (WORMS),
Knee Osteoarthritis Scoring System (KOSS), BostoneLeeds Osteo-
arthritis Knee Score (BLOKS), and recently MRI Osteoarthritis Knee
Score (MOAKS) have been introduced and their reliability and
validity has been proven in multiple studies12e14. Large ongoing
osteoarthritis studies are applying these systems to achieve a better
understanding of the natural history of the disease15e19.
Integration of MRI-based whole joint assessment with the
evaluation of cartilage repair procedures has merit in order to
determine the long term integrity of the joint and ultimately pre-
sent an outcome measure that is able to assess joint integrity or
failure after such surgical approaches.
Thus, the aim of this study was to develop an integrated MRI-
based semi-quantitative scoring system for the evaluation of
cartilage repair and whole joint assessment in regard to knee
osteoarthritis features based on two commonly applied in-
struments for cartilage repair and whole joint assessment that have
evolved based on experiences with other systems over the last
years. We will focus on the detailed description of the assessment
tool, called Cartilage Repair OsteoArthritis Knee Score (CROAKS),
and the presentation of reading reliability. Dimensions of this in-
tegrated scoring instrument will include repair site evaluation, e.g.,
cartilage and bone interface, surface, structure and signal of repair
tissue and subchondral bone changes, and whole joint osteoar-
thritis evaluation including cartilage surface, subchondral bone
marrow lesions (BMLs), meniscus, osteophytes and others.
Methods and design
The institutional review board of the Medical University of
Vienna approved the study protocol and written informed consent
was obtained from all patients prior to enrollment in the study. We
included 20 randomly chosen MRI examinations from a database of
61 patients who had undergone a cartilage repair procedure using
MACT for one or more cartilage defects 9e12 months prior the
examination. Selection of patients was blinded to clinical outcome.
MACT was performed as a two-step surgical procedure in the 20
patient knees. In a ﬁrst arthroscopic step, a biopsy was taken from a
non-weight-bearing area of the knee. After cell extraction and
cultivation, the chondrocytes were transferred onto a biomaterial.
In a second step, a mini-arthrotomy was performed to debride thecartilage defect to the subchondral bone. The cell matrix trans-
plants were cut to size and implanted. The edges were ﬁxed with
ﬁbrin glue9.
MRI acquisition
MRI was performed on a 3T MR system (Magnetom Tim Trio,
Siemens Healthcare, Erlangen, Germany) using a dedicated eight-
channel knee coil (InVivo, Gainesville, FL). All patients were posi-
tioned consistently with the joint space in the middle of the coil
and the knee extended in the coil. TheMR protocol was identical for
all 20 MRI examinations and consisted of a set of localizers in all
three planes and sequences as follows: sagittal or axial (sagittal for
both femoral condyles; axial for the patella and the trochlea) high-
resolution non-fat-saturated proton density turbo spin-echo
(PDTSE) sequence, sagittal (or axial) PD, respectively, T2-weighted
dual fast spin-echo (dual-FSE) sequence, and coronal fat-
saturated proton density turbo spin-echo (FS-PD-TSE) sequence.
Furthermore a coronal isotropic 3D-True-fast imaging with steady
state procession (FISP) sequence was acquired. The FS-PD-TSE
sequence, as well as the isotropic sequence, was performed in all
patients in the same direction. The 3D-True-FISP was subsequently
reconstructed in all three planes using multiplanar reconstruction
(MPR). Detailed sequence parameters are provided in Table I.
MRI assessment and description of CROAKS
Information of the location of the repair site was gathered from
the surgical reports. The location was then translated into one or
more subregions based on the articular subdivision applied in
MOAKS. All subregions affected by surgical cartilage repair were
assessed using the cartilage repair component of CROAKS, based on
the prior experiences with the MOCART scoring system. The
remaining subregions were assessed using the whole joint
component of CROAKS based on prior experiences with the MOAKS
instrument.
The cartilage repair assessment component was based on the
validated new MOCART score including the variables defect ﬁll,
cartilage interface (in anterioreposterior as well as medialelateral
direction), bone interface, surface of the repair tissue, structure of
the repair tissue, signal intensity of the repair tissue, subchondral
lamina, chondral osteophyte, bone marrow edema, and sub-
chondral bone20. Joint effusion was graded as based on the MOAKS
part of the score. The evaluation of the cartilage repair site was
performed on a Leonardo Workstation (Siemens, Erlangen, Ger-
many) separately by a musculoskeletal radiologist (ST) with 20
years of experience in MRI assessment of cartilage repair and an
orthopedic surgeon (GW) with a special interest in MRI and 10
years of experience in MRI assessment of cartilage repair. Both
readers were blinded to patient name and postoperative follow-up
interval and were advised only about the localization of the carti-
lage transplants. One of the readers (GW) re-scored all repair sites
according to the cartilage repair component of CROAKS after a 4-
week interval for intra-observer reliability assessment.
In addition to the assessment of the repair site the MRIs were
scored separately by two musculoskeletal radiologists with 14 (AG)
and 10 years (FWR) experience of semi-quantitative MRI assess-
ment of osteoarthritis incorporating all features that are covered by
the whole joint component of CROAKS excluding the subregions
that included the repair site(s). In brief, cartilage and BMLs are
scored in 14 articular subregions, osteophytes at eight locations and
meniscal status in three subregions per meniscus. Cartilage is
scored incorporating area size per subregion and percentage of
subregion that is affected by full thickness cartilage loss. BMLs are
assessed taking into account percentage of a subregion that is
Table I
MRI sequence protocol
Sequence PD-TSE Dual-FSE FS-PD-TSE 3D-True-FISP
MRI parameter
Repetition time (TR) 2130 ms 5090 ms 4250 ms 7.8 ms
Echo time (TE) 36 ms 12 ms; 85 ms 27 ms 3.8 ms
Flip angle (FA) 180 180 180 30
Field of view (FoV) 120  120 mm 160  160 mm 150  150 mm 192  192 mm
Pixel matrix 448  448 448  448 384  384 384  384
Slice thickness 2 mm 3 mm 3 mm 0.5 mm
Number of slices 32 30 36 240
Voxel size 0.27  0.27  2 mm 0.36  0.36  3 mm 0.39  0.39  3 mm 0.5  0.5  0.5 mm
Fat supression None None Fat saturation Water excitation
PAT* Off Off 2 2
Bandwidth 180 Hz/Px 180 Hz/Px 150 Hz/Px 352 Hz/Px
Aquisition time 5:27 min 6:03 min 2:47 min 6:21 min
* Parallel acquisition technique (PAT) was applied with the given acceleration factor using a generalized auto calibrating partially parallel acquisition (GRAPPA).
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number of BMLs per subregion. Meniscal status is scored from 0 to
8 taking into account intrameniscal signal changes, different types
of meniscal tears and partial and complete meniscal substance loss
or maceration. In addition assessment included scoring of joint
effusion and synovitis, osteophytes, ligaments and additional per-
iarticular lesions. One radiologist (FWR) re-scored all MRIs in
random order for all whole joint features after a 4-week interval to
determine intra-reader reliability.
A detailed description of the cartilage repair and whole joint
components of CROAKS is presented in Appendix I.Analytic approach
Intra- and inter-observer reliability was determined using
weighted (w) kappa statistics for plates (medial/lateral tibia,
medial/lateral femur, trochlea, patella) compartments (medial
tibio-femoral, lateral tibio-femoral, patello-femoral) and the whole
joint. As the low prevalence of certain features may adversely affect
the kappa results the overall percent agreement was calculated in
addition. All statistical analyses were performed using SAS soft-
ware (Version 9.1 for Windows; SAS Institute, Cary, NC).Results
Demographics
Patients were on average 34.3 (standard deviation, SD 9.38,
range 15e53) years old and six (30%) were female. The follow-up
interval from the repair procedure to MRI was 9e12 months for all
patients (mean 11.2, SD  1.7 months). Altogether 24 repair pro-
cedures in 20 patients were performed. Cartilage repair was per-
formed at the medial femoral condyle in 10 patients, at the lateral
femoral condyle in ﬁve patients, at the patella in seven patients, and
at the trochlea in two patients. No procedures were performed at
the tibia. Sixteen patients had a single procedure, and four patients
had two procedures in one knee.
Based on the 24 MACT procedures and the used CROAKS eval-
uation, altogether 33 subregions in the knees received cartilage
repair surgery. Hence 15 MACT procedures were limited to a single
subregion of the knee according to the subregions of the CROAKS
and as veriﬁed by the surgical reports and the MRI. Furthermore in
nine MACT procedures the borders of the subregions were crossed
and surgery took place in two subregions.
A detailed overview on the frequencies of the individual grades
for each feature and the maximum grades for each individual knee
are presented in Table AI through Table AIV of Appendix II.Reliability
Summarizing the results, the large majority of the kappa mea-
sures showed substantial (0.61e0.8) or reached perfect agreement
(0.81e1.0) according to the criteria suggested by Landis and Koch21.
The majority of features were scored with overall percent agree-
ment above 75% for both, the intra- and inter-reader exercise.
Detailed reliability results for whole joint assessment are pre-
sented in Tables IIeV. For cartilage, intra-reader reliability on a
plate level ranged between 0.48 (lateral femur) and 1.00 (medial
femur). Inter-reader reliability for cartilage ranged between 0.48
(lateral femur) and 0.78 (lateral tibia). On the whole joint-level
reliability for cartilage ranged between 0.73 (inter-observer) and
0.88 (intra-observer for % of subregion that is full thickness loss).
BML assessment showed comparable results ranging on a plate
level between 0.46 and 1.00 with overall percent agreement be-
tween 83.3% (inter-observer, subspinous tibia, number of lesions)
and 100% (intra-reader, patella). Meniscal morphology assessment
ranged between 0.62 (inter-reader, lateral compartment) and 0.94
(inter-reader, medial compartment). Overall percent agreement for
the different measures of meniscal assessment was between 82.1%
and 100%. Osteophyte scoring proved to be slightly less reliable
ranging between 0.62 and 0.73 on a plate level with overall percent
agreement ranging between 67.5% (intra-reader, medial femur
plate) and 77.5% (intra- and inter-reader, patella). Effusion and sy-
novitis scoring showed similar results with percent agreement
ranging from 50.0% to 95.0%.
For assessment of the different parameters of the repair site
reliability overall was high for most features with kappa values
between 0.45 (inter-reader surface of the repair tissue) and 1.00
(several of the features). In regard to overall percent agreement
most features were above 90% with only signal and surface of the
repair tissue as well as defect ﬁll for inter-reader results ranging
between 54% and 58%. Detailed results for repair site assessment
are presented in Table VI.
Illustrative examples of the different types of pathology
observed at the repair sites and osteoarthritis features distant
from the repair site concerning the whole joint are presented in
Figs. 1e5.Discussion
This report introduces the simultaneous MRI-based evaluation
of cartilage repair and whole joint assessment using the CROAKS
instrument that builds on prior experiences of other semi-
quantitative scoring tools for cartilage repair and whole knee MRI
evaluation. Adequate reliability could be shown for all features
Table II
Reliability of whole joint assessment e cartilage by plate, compartment and whole joint
MOAKS feature Region Intra-observer reliability Inter-observer reliability
Weighted kappa
(95%CI)
Percent agreement
(%)
Weighted kappa
(95%CI)
Percent agreement
(%)
Cartilage: area Whole joint 0.83 (0.75, 0.92) 94.8 0.77 (0.66, 0.87) 92.8
Med tibio-femoral (TF) compartment 0.91 (0.79, 1.00) 97.8 0.83 (0.67, 0.99) 95.6
Lat TF compartment 0.91 (0.78, 1.00) 97.8 0.76 (0.53, 0.98) 95.7
PF compartment 0.71 (0.53, 0.89) 86.4 0.69 (0.51, 0.87) 84.8
Med femur plate 1.00 100.0 1.00 100.0
Lat femur plate 0.48 (0.21, 1.00) 97.0 0.48 (0.21, 1.00) 97.0
Med tibia plate 0.86 (0.66, 1.00) 96.7 0.74 (0.50, 0.98) 93.3
Lat tibia plate 0.97 (0.90, 1.00) 98.3 0.78 (0.55, 1.00) 95.0
Patella plate 0.91 (0.75, 1.00) 96.6 0.61 (0.29, 0.92) 82.8
Trochlea plate 0.57 (0.31, 0.83) 78.4 0.74 (0.52, 0.95) 86.5
Cartilage: % of subregion that
is full thickness loss
Whole joint 0.88 (0.76, 1.00) 98.4 0.73 (0.52, 0.95) 97.6
Med TF compartment 0.79 (0.49, 1.00) 97.8 1.00 100.0
Lat TF compartment 0.94 (0.81, 1.00) 98.9 0.65 (0.34, 0.96) 95.7
PF compartment 0.92 (0.76, 1.00) 98.5 0.49 (0.11, 1.00) 97.0
Med femur plate 0.55 (0.05, 1.00) 93.3 1.00 100.0
Lat femur plate 1.00 100.0 1.00 100.0
Med tibia plate 1.00 100.0 1.00 100.0
Lat tibia plate 0.93 (0.79, 1.000) 98.3 0.59 (0.24, 0.95) 93.3
Patella plate 1.00 100.0 1.00 100.0
Trochlea plate 0.92 (0.74, 1.00) 97.3 0.48 (0.12, 1.00) 94.6
F.W. Roemer et al. / Osteoarthritis and Cartilage 22 (2014) 779e799782assessed. The CROAKS instrument combines scoring of repair site
characteristics with assessment of multiple osteoarthritic features
of the entire knee joint and thus may potentially serve as an
outcome measure in longitudinal studies evaluating the long term
structural success of surgical cartilage repair procedures.
Cartilage repair procedures have matured over the last two
decades and long term results are promising3,9,22e25. The most
commonly applied techniques are microfracturing, osteochondral
transfer and ACT/MACT1,4. In the current report we have focused
exclusively on patients that had undergone MACT 12 monthsTable III
Reliability of whole joint assessment e cartilage scoring in each subregion (weighted ka
MOAKS feature Region Intra-rater
Weighted kappa (95%CI) Pe
Cartilage area Patella medial 0.84 (0.56, 1.00) 9
Patella lateral 1.00 10
Anterior femur medial 0.60 (0.25, 0.95) 7
Anterior femur lateral 0.54 (0.15, 0.92) 7
Posterior femur medial 1.00 10
Central femur medial 1.00 10
Posterior femur lateral 1.00 10
Central femur lateral 0.46 (0.23, 1.00) 9
Posterior tibia medial 1.000 10
Central tibia medial 0.69 (0.29, 1.00) 9
Anterior tibia medial 1.000 10
Posterior tibia lateral 0.94 (0.84, 1.00) 9
Central tibia lateral 1.00 10
Anterior tibia lateral 1.00 10
Cartilage depth Patella medial 1.00 10
Patella lateral 1.00 10
Anterior femur medial 1.00 10
Anterior femur lateral 0.87 (0.62, 1.00) 9
Posterior femur medial 1.00 10
Central femur medial 0.51 (0.10, 1.00) 8
Posterior femur lateral 1.00 10
Central femur lateral 1.00 10
Posterior tibia medial 1.00 10
Central tibia medial 1.00 10
Anterior tibia medial 1.00 10
Posterior tibia lateral 1.00 10
Central tibia lateral 0.64 (0.01, 1.00) 9
Anterior tibia lateral 1.00 10prior the MRI examination. Success rates of the different tech-
niques overall seem to be comparable after this short period of
time2,24, but if the tool is equally applicable for other techniques
such as microfracturing or osteochondral transfer remains to be
shown.
Multiple parameters are considered in the indication for surgical
cartilage repair including pain and functional limitation, size,
number and morphology of cartilage defect(s), age and physical
activity level of the patient and other structural and demographic
characteristics26,27. Clinical outcome measures of surgical repairppa and percent agreement)
Inter-rater
rcent agreement (%) Weighted kappa (95%CI) Percent agreement (%)
2.9 0.55 (0.13, 0.97) 78.6
0.0 0.67 (0.21, 1.00) 86.7
7.8 0.88 (0.66, 1.00) 94.4
8.9 0.59 (0.23, 0.94) 78.9
0.0 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
2.9 0.46 (0.23, 1.00) 92.9
0.0 0.77 (0.35, 1.00) 95.0
0.0 0.57 (0.14, 1.00) 85.0
0.0 1.00 100.0
5.0 0.77 (0.46, 1.00) 90.0
0.0 0.72 (0.23, 1.00) 95.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 0 94.4
4.7 0.64 (0.003, 1.00) 94.7
0.0 1.00 100.0
1.8 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 1.00 100.0
0.0 0.55 (0.11, 0.98) 85.0
5.0 0.64 (0.01, 1.00) 95.0
0.0 1.00 100.0
Table IV
Reliability of whole joint assessment e BMLs
MOAKS feature Region Intra-observer reliability Inter-observer reliability
Weighted kappa (95%CI) Percent
agreement (%)
Weighted kappa (95%CI) Percent
agreement (%)
BML: size Whole joint 0.89 (0.84, 0.95) 95.4 0.83 (0.76, 0.91) 93.5
Med TF compartment 0.91 (0.82, 1.00) 96.6 0.82 (0.70, 0.94) 93.1
Lat TF compartment 0.82 (0.68, 0.95) 94.5 0.77 (0.60, 0.94) 94.4
PF compartment 0.90 (0.79, 1.00) 97.0 0.89 (0.76, 1.00) 97.0
Med femur plate 1.00 100.0 0.78 (0.37, 1.00) 96.7
Lat femur plate 0.85 (0.53, 1.00) 97.1 0.73 (0.41, 1.00) 93.9
Med tibia plate 0.89 (0.78, 1.000) 94.7 0.82 (0.69, 0.95) 91.2
Lat tibia plate 0.80 (0.66, 0.95) 93.0 0.78 (0.59, 0.98) 94.7
Patella plate 1.00 100.0 1.00 100.0
Trochlea plate 0.84 (0.71, 0.98) 94.6 0.82 (0.63, 1.00) 94.6
Subspinous tibia central 0.90 (0.77, 1.00) 88.9 0.80 (0.61, 0.99) 77.8
BML: % of lesion that is cystic Whole joint 0.89 (0.82, 0.96) 95.8 0.83 (0.74, 0.93) 95.0
Med TF compartment 0.92 (0.83, 1.00) 96.6 0.89 (0.76, 1.00) 96.6
Lat TF compartment 0.86 (0.68, 1.00) 97.8 0.84 (0.65, 1.00) 96.7
PF compartment 0.96 (0.90, 1.00) 98.5 0.92 (0.75, 1.00) 98.5
Med femur plate 1.00 100.0 0.78 (0.37, 1.00) 96.7
Lat femur plate 0.79 (0.38, 1.00) 97.1 0.78 (0.38, 1.00) 97.0
Med tibia plate 0.90 (0.77, 1.00) 94.7 0.92 (0.80, 1.00) 96.5
Lat tibia plate 0.90 (0.71, 1.00) 98.2 0.86 (0.66, 1.00) 96.5
Patella plate 1.00 100.0 1.00 100.0
Trochlea plate 0.95 (0.86, 1.00) 97.3 0.88 (0.64, 1.00) 97.3
Subspinous tibia central 0.69 (0.43, 0.95) 72.2 0.50 (0.14, 0.86) 66.7
BML: number of lesions Whole joint 0.91 (0.84, 0.98) 97.7 0.84 (0.75, 0.94) 96.2
Med TF compartment 0.91 (0.79, 1.00) 97.7 0.86 (0.71, 1.00) 96.6
Lat TF compartment 0.81 (0.62, 1.00) 96.7 0.81 (0.62, 1.00) 96.7
PF compartment 1.00 100.0 0.90 (0.71, 1.00) 98.5
Med femur plate 0.78 (0.37, 1.00) 96.7 0.46 (0.17, 1.00) 93.3
Lat femur plate 0.65 (0.33, 0.96) 94.1 0.65 (0.33, 0.96) 93.9
Med tibia plate 0.94 (0.83, 1.00) 98.2 0.94 (0.83, 1.00) 98.2
Lat tibia plate 0.90 (0.71, 1.00) 98.2 0.90 (0.71, 1.00) 98.2
Patella plate 1.00 100.0 1.00 100.0
Trochlea plate 1.00 100.0 0.84 (0.54, 1.00) 97.3
Subspinous tibia central 0.89 (0.67, 1.00) 94.4 0.66 (0.31, 1.00) 83.3
Table V
Reliability of whole joint assessment e meniscus, osteophytes and synovitis/effusion
MOAKS feature Region Intra-observer reliability Inter-observer reliability
Weighted kappa (95%CI) Percent agreement (%) Weighted kappa (95%CI) Percent agreement (%)
Meniscus morphology Whole joint 0.93 (0.85, 1.00) 95.8 0.89 (0.81, 0.97) 90.8
Med compartment 0.92 (0.83, 1.00) 95.0 0.94 (0.87, 1.00) 93.3
Lat compartment 0.93 (0.82, 1.00) 96.7 0.62 (0.22, 1.00) 88.3
Meniscus hypertrophy Whole joint 1.00 100.0 0 99.2
Med compartment 1.00 100.0 1.00 100.0
Lat compartment 1.00 100.0 0 98.3
Meniscus cyst Whole joint 1.00 100.0 1.00 100.0
Med compartment 1.00 100.0 1.00 100.0
Lat compartment 1.00 100.0 1.00 100.0
Meniscal extrusion Whole joint 0.83 (0.68, 0.98) 94.9 0.65 (0.46, 0.83) 88.6
Med compartment 0.77 (0.58, 0.96) 89.7 0.61 (0.37, 0.85) 82.1
Lat compartment 1.00 100.0 0.65 (0.33, 0.97) 95.0
Meniscus root tear Whole joint 1.00 100.0 1.00 100.0
Med compartment 1.00 100.0 1.00 100.0
Lat compartment 1.00 100.0 1.00 100.0
Osteophytes Whole joint 0.70 (0.63, 0.77) 76.3 0.69 (0.61, 0.77) 76.3
Med TF compartment 0.73 (0.61, 0.84) 75.0 0.71 (0.57, 0.84) 75.0
Lat TF compartment 0.70 (0.56, 0.84) 75.0 0.71 (0.57, 0.84) 75.0
PF compartment 0.68 (0.56, 0.79) 77.5 0.65 (0.52, 0.78) 77.5
Med femur plate 0.67 (0.51, 0.82) 67.5 0.67 (0.50, 0.84) 70.0
Lat femur plate 0.68 (0.51, 0.86) 72.5 0.67 (0.49, 0.85) 70.0
Patella plate 0.67 (0.53, 0.81) 77.5 0.62 (0.46, 0.79) 76.3
Trochlea plate 0.60 (0.51, 0.87) 77.5 0.70 (0.48, 0.91) 80.0
Synovitis Whole joint 0.50 (0.24, 0.75) 67.5 0.40 (0.13, 0.66) 62.5
Inferior patella 0 75.0 0.14 (0.26, 0.54) 75.0
Intercondylar 0.54 (0.25, 0.84) 60.0 0.35 (0.02, 0.68) 50.0
Effusion Whole joint 0.94 (0.84, 1.00) 95.0 0.73 (0.53, 0.92) 75.0
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Table VI
Reliability of repair site assessment (weighted kappa and percent agreement)
MOCART feature Intra-observer Inter-observer
Weighted kappa (95%CI) Percent agreement (%) Weighted kappa (95%CI) Percent agreement (%)
Defect ﬁll 0.93 (0.84, 1.00) 87.5 0.76 (0.62, 0.89) 58.3
Cartilage interface AP 1.000 100.0 0.89 (0.68, 1.00) 95.8
Cartilage interface ML 0.89 (0.75, 1.00) 91.7 0.78 (0.58, 0.98) 83.3
Bone interface 1.00 100.0 1.00 100.0
Surface 0.96 (0.87, 1.00) 95.8 0.45 (0.17, 0.74) 58.3
Structure 0.91 (0.75, 1.00) 95.8 0.66 (0.36, 0.96) 83.3
Signal intensity 1.00 100.0 0.41 (0.15, 0.66) 54.2
Subchondral lamina 1.00 100.0 0.74 (0.46, 1.00) 87.5
Chondral osteophytes 1.00 100.0 0.83 (0.66, 1.00) 91.7
Bone marrow edema 1.00 100.0 0.75 (0.60, 0.90) 70.8
Subchondral bone 0.96 (0.89, 1.00) 95.8 0.75 (0.56, 0.94) 70.8
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on validated instruments incorporating self-assessment and
quality of life measures such as the revised International Knee
Documentation Committee (IKDC) form, Tegner scale and Knee
Injury and Osteoarthritis Outcome Score (KOOS)7,8,28. Structural
success is usually evaluated by description of the repair tissue
based on morphologic semi-quantitative or compositional MRIFig. 1. Coronal fat-suppressed proton density-weighted TSE MRI. Status 10.5 months
after MACT of the central lateral femur. A. A large subchondral BML in the lateral femur
adjacent to repair site (arrows) and additional BML at articulating lateral tibia (no
repair site e arrowheads) is observed. B. Same patient. In addition, a cartilage ﬁssure
reaching the subchondral bone is observed at the lateral border of defect ﬁlling
(arrowhead). Again an extensive BML adjacent to repair site is seen (arrows).approaches4,9,29e31. The most comprehensive semi-quantitative
MRI evaluation is performed by the MOCART scoring system that
allows reliable assessment of the different dimensions of the artic-
ular cartilage repair tissue andhasbeenapplied toall cartilage repair
procedures in a longitudinal fashion based on 2D and 3D MRI
techniques9,20,31e34. It has been used in longitudinal studies
following a number of types of cartilage repair procedures24,35e37.
The variables of MOCART include defect ﬁll, cartilage and bone
interface, surface and structure of the repair tissue, signal intensity
of the repair tissue, subchondral lamina, chondral osteophytes, bone
marrow edema, subchondral bone, and effusion. While MOCART
comprehensively evaluates the repair location, other aspects of
whole joint integrity are not covered. These include commonly
observed degenerative features such as cartilage damage at other
locations, BMLs distant from the repair site, peripheral osteophytes,
meniscal and ligament damage, synovitis and other periarticular
structures such as cystic lesions. It seems paramount to include
these features in the long term evaluation of any cartilage repair
procedures as the ultimate goal to postpone or prevent premature
knee joint degeneration may only be determined if all these pa-
rameters deﬁning global joint health are covered.Wehave chosen to
base the whole joint component of the new tool on the MOAKS
system, an established scoring tool that evolved from prior experi-
ences with other systems and is applied now in large ongoingFig. 2. Coronal fat-suppressed proton density-weighted TSE MRI. Status 12 months
post-cartilage repair of the central lateral femur. Partial delamination of the repair
tissue from the subchondral bone is seen. Fluid equivalent signal is observed between
the subchondral bone and the cartilage ﬂap (small asterisk). In addition a large mar-
ginal osteophyte at the lateral femur is observed (arrowhead). Note small intra-
chondral signal change at the lateral tibia adjacent to tibial spine (arrow).
Fig. 3. Coronal MPR of 3D-True-FISP MRI. Status 11 months after cartilage repair of the
medial and lateral patella facets. A large subchondral BML is seen in the central lateral
tibia (arrows). Note marginal osteophyte at the lateral femur.
Fig. 5. Coronal fat-suppressed proton density-weighted TSE MRI. Status 12.5 months
post-MACT of the central lateral femur. A full thickness cartilage ﬁssure-like defect is
seen at the repair site (arrowhead). In addition a large subchondral BML is seen
adjacent to repair site (arrows).
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large epidemiologic study including bilateral knee MRIs of more
than 4800 subjects over a period of 5 years38.
We have scored the MRIs in two separate sessions by two
different research groups, ﬁrst evaluating the repair site and
consequently the whole joint. A combined scoring approach by a
single trained reader seems applicable as both aspects of CROAKS
are scored on the same MRI, unblinded for the different structural
features that are being assessed. However, this needs to be shown
in consequent work. Our reading approach was based on the wish
to incorporate the experiences of two of the leading research
groups in MRI assessment of cartilage repair and osteoarthritis and
wanted to ensure that images are being assessed by the most
experienced readers.
Automated generation of scores will potentially be a topic
worthwhile exploring. Such attemptswill likely have to be based on
segmentation techniques, which may be feasible for some of the
features such as cartilage or BML assessment for the whole jointFig. 4. Coronal MPR of 3D-True-FISP MRI. Status 12 months post-MACT of the central
medial femur. Partial ﬁlling of defect is observed (arrow). In addition large peripheral
osteophytes characterizing manifest osteoarthritis are depicted medially and laterally
(arrowheads).component. However, to date expert reader interaction is needed
for reasons of quality assurance and correctness, i.e., semi-
automated assessment39,40.
Other limitations include the missing gold standard in regard to
the assessed parameters. However, invasive follow-up arthros-
copies are no longer performed in a clinical setting, and above all,
subchondral osteophytes, the subchondral bone plate, and sub-
chondral BMLs can not be evaluated by arthroscopy.
As only one time point after MACT (12 months) has been subject
to this evaluation, this does not allow for conclusions about lon-
gitudinal applicability and some of the scored parameters might
need to be adapted for longitudinal follow-up as has been the case
with other instruments12,15,17. This includes incorporation of
within-grade scoring that has proven to be a valuable extension of
semi-quantitative scoring in longitudinal osteoarthritis studies15.
Clinical assessment was not the focus of this work. Themain aim
of the present study was to assess feasibility of combined cartilage
repair and whole joint assessment on an identical imaging data set.
Evaluation of the clinical validity and responsiveness of the pre-
sented instrument needs to be the subject of additional currently
ongoing studies.
Some of the assessed parameters had low frequencies in the
present data set and may have lead to reliability results that appear
lower than expected. For this reason we included overall percent
agreement for the reliability readings that showed results between
90% and 100% for the large majority of assessed features.
Finally, the development of CROAKS was based on knees that
had undergone MACT. The application of CROAKS to other surgical
procedures of cartilage repair including microfracturing or biphasic
osteochondral scaffolds seems feasible but needs to be assessed in
additional studies. Such techniques cause injury in the subchondral
lamina and induce bone marrow edema-like changes in the sub-
chondral marrow space. These post-surgical changes will have to be
scored in the categories of bone marrow edema of the repair
portion of CROAKS. Marrow changes reaching beyond the repair
subregion will have to be assessed in the whole joint section of
CROAKS. Regression or resolution of these changes will be expected
and observed over time. However, for a speciﬁc time interval it
might not be possible to differentiate (regressing) surgery-induced
changes from (incident) changes that possibly reﬂect OA-related
alterations.
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MRI protocol on a 3 T state of the art MRI system. Overall scan time
of the protocol was about 20min and thus seems to be applicable in
a clinical, research and clinical trial setting. Although not explicitly
assessed, image quality was excellent and all features could be
assessed in adequate fashion, which is also exempliﬁed by the
image examples in Figs. 1e5.
Summarizing our results we have presented a novel semi-
quantitative scoring instrument for the evaluation of surgical
cartilage repair and simultaneous whole joint assessment of oste-
oarthritis that we termed CROAKS. The tool may be applied with
good to excellent reliability in a cross-sectional fashion. The lon-
gitudinal applicability needs to be proven. While the structural
determinants of the clinical disease manifestations in early osteo-
arthritis including mechanical dysfunction and pain are presently
not well understood, it is likely to involve a multitude of interactive
pathways characterized by changes in structure and function of the
whole joint. Semi-quantitative MRI scoring of cartilage repair and
osteoarthritis has provided important insights into the etiopatho-
genesis of early disease as well as structureefunction relationships.
In addition, CROAKS allows assessment also of the preoperative
joint morphology, which is important as the success of the repair
procedure is in direct relationship to other structural impairments
within the knee joint prior to cartilage repair surgery.
The timing of the current work seems relevant as surgical
cartilage repair has matured in a way that long term outcome
measures are urgently needed. Importantly, the measurement
properties including construct and predictive validity and the
responsiveness of the proposed tool will need to be assessed to
ensure its credibility.Authors contributions
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Appendix I. Description of CROAKS
Delineation of anatomical subregions
Cartilage repair procedures may be performed in the patello-
femoral and/or both tibio-femoral joint compartments and osteo-
arthritis may affect one or multiple compartments in the knee. In
CROAKS the knee is divided into 14 articular subregions for
assessment of articular cartilage and BMLs and in addition the
subspinous region is added for BML scoring:
Patella
The patella is divided into two subregions, the medial and
lateral patella on axial images. The patellar apex is assigned to the
medial subregion (Fig. 1).
Femur
The femur is divided into six subregions: the medial and lateral
trochlea (i.e., anterior femur), the medial and lateral central femur,
and the medial and lateral posterior femur.
The trochlea is deﬁned as the femoral articular surface of the
patello-femoral joint. For the division between the trochlea and
central regions, on the sagittal image a line is drawn tangentially
Fig. A2. Sagittal subregional division. Anatomical delineation of the femur into the
anterior (alF, i.e., lateral tochlea), central (clF) and posterior (plF) subregions. The tibia
is subdivided into anterior (alT), central (clT) and posterior (plT) subregions, separated
by equal thirds. In addition the lateral patellar facet (lPat) is shown in this sagittal
proton density-weighted image. Subregions that are scored using the cartilage repair
component of CROAKS are delineated in green in this speciﬁc example as both, the
anterior and central parts of the lateral femur had undergone a cartilage repair pro-
cedure. Subregions that are being scored using the whole joint component are marked
in yellow in this example.
Fig. A3. Coronal True-FISP image shows the subregional delineation in the coronal
plane. The joint is divided into the medial and lateral tibio-femoral compartment with
the femoral notch being part of the medial compartment in CROAKS. The tibio-femoral
plates are the lateral femur (lF), the lateral tibia (lT), the medial femur (mF) and the
medial tibia (mT). The subspinous region (SS) is deﬁned as the part of the joint directly
underneath the tibial spines.
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tibial plateau) until it intersects the femoral surface. The division
between the central weight bearing femur and the posterior fe-
mur is a line constructed vertically from the posterior aspect of
the tibia.
Anterior and posterior tibial margins are deﬁned irrespective of
the presence of osteophytes.
The femoral notch is deﬁned as being part of the medial femur.
The superior border of the femur is the line connecting the
anterior and posterior osteochondral junctions. The posterior
border of the trochlea region is the line from the articular surface
division between the trochlea and the central femur and mid-point
of the line deﬁning the superior border (Fig. 2).
Tibia
The tibia is divided into three medial (anterior, central and
posterior) and three lateral (anterior, central and posterior) sub-
regions covered by articular cartilage, and the subspinous subre-
gion (called SS-region delineated by the tibial spines) (Fig. 3). For
the anterior, central and posterior divisions the tibia is divided into
equal thirds excluding the presence of osteophytes.
Lesion assignment for cartilage repair and whole joint components
of CROAKS
The cartilage repair sites will be assigned one or more sub-
regions according to the described subregional division. If a repair
site spans more than one CROAKS subregion, all subregions
involved will be assigned to that repair procedure. These sub-
regions will be assessed using the cartilage repair component of
CROAKS only. All other subregions will be scored using the whole
joint component of CROAKS (Fig. 2).If a lesion (e.g., BML) spans more than one subregion, the lesion
needs to be scored in both subregions, especially as the whole joint
component of the CROAKS system is using a volume-oriented and
not lesional approach. Also, if a feature occurs within the sub-
spinous region, but extends also into one or more of the medial or
lateral tibial subregions, the lesionwill be scored in the S region but
also in the additional tibial subregions separately.
Cartilage repair component of CROAKS
The cartilage repair component of CROAKS was modiﬁed from
the 3D MOCART score without the item effusion, which is scored in
the whole joint component of CROAKS1.
Defect ﬁll
This variable is evaluated in direct comparisonwith the adjacent
native cartilage. Defect ﬁll is described as 100%when the transplant
tissue exhibits the exact same thickness as the adjacent cartilage. A
value below 100% is used in the case of underﬁlling, above 100%
describes hypertrophy. In addition scoring of underﬁlling or hy-
pertrophy is coded as being present in the whole transplant (in
regard to area extent), or within more than 50%, or within less than
50% and if these changes are observed centrally or peripherally in
respect to the transplant. Defect ﬁll is scored from 1 to 10: 1 ¼ 0%,
2¼>0e25%, 3¼>25e50%, 4¼>50e75%, 5¼>75e99%, 6¼ 100%,
7 ¼ >100e125%, 8 ¼ >125e150%, 9 ¼ >150e200%, 10 ¼ >200%
(Fig. 4).
Cartilage interface
Cartilage interface describes the integration to the border zone.
“Complete” means that there is no gap between the transplant
tissue and the adjacent cartilage. A demarcating border is a small,
ﬁssure-like defect. Bigger defects are scored as more or less than
50% in regard to the maximum areal dimension of the repair tissue.
Interface should be assessed in two planes (i.e., sagittal and coronal
Fig. A4. Defect ﬁll. Sagittal proton density-weighted MR image shows hypertrophy of
the repair zone (arrow). In addition there are hypo- (white asterisk) and hyperintensity
(black asterisk) signal changes within the repair tissue.
Fig. A5. Cartilage interface. Sagittal proton density-weighted MR image shows a
ﬁssure-like defect at the posterior junction of the repair tissue to the native cartilage
(arrow). In addition there is superﬁcial cartilage damage at the central subregion of the
lateral tibia, which is distant to the repair site (arrowhead).
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sagittal for the patella) (Fig. 5).
Bone interface
This variable describes the integration of the transplant to the
subchondral bone and the integration of a possible periosteal ﬂap.
A complete bone interface implies that there is no gap between
these structures. Partial or complete detachment following
delamination from the bone or delamination of the periosteal ﬂap
may be observed and will be scored.
Surface
The surface appearance is scored separately from the defect ﬁll.
The surface of the transplant is “intact” when it is congruent,
smooth, and the lamina splendens is visible. Incongruity of the
surface appears when this surface is broken. It is damaged with the
appearance of ﬁbrillations, ﬁssures, or ulcerations above or below
50% of repair tissue depth. Adhesions are scored in addition,
however, are rarely seen after cartilage repair procedures.
Structure
The structure is seen to be homogenous when the transplant
shows the typical cartilage layer over the entire repair tissue. When
this structure is lost, the repair tissue will be assessed as being
inhomogeneous or may also show a cleft formation.
Signal intensity
The signal intensity of the repair tissue is classiﬁed as normal
when it exhibits iso-intensity compared to the adjacent native
cartilage. When the signal intensity of the cartilage repair tissue
appears brighter or darker (hyperintense or hypointense)
compared to the surrounding articular cartilage, it will be evaluated
as nearly normal or as abnormal, depending on the grade and the
extent of the intrachondral signal alterations (Fig. 4).
Subchondral lamina
The subchondral lamina between the repair tissue and the bone
appears either intact, or irregular and broken. It has to be noted thatdifferent cartilage repair procedures open the subchondral bone
plate or leave it untouched.
Chondral osteophytes
Chondral osteophytes can emerge in the region of the
transplant as a result of the surgical technique of different
cartilage repair procedures or without known reason. Ideally,
there are no intrachondral osteophyte formations after cartilage
repair. These osteophytes will be classiﬁed in regard to their
thickness of above or below 50% of the thickness of the cartilage
transplant.
Bone marrow edema
Bone marrow edema-like lesions of the cartilage repair
component of CROAKS (only scored in the subregions that have
been treated with surgery) are scored as a separate variable and not
together with BMLs of the whole joint component. BME size will be
assessed as small (diameter: max. 1 cm), medium (max. 2 cm), or
large (max. 4 cm), or as diffuse.
Subchondral bone
Changes in the subchondral bone adjacent to the area of carti-
lage repair with the exception of bone marrow edema-like changes
are stated in this variable. Possible alterations appear as granulation
tissue, sclerosis, or cysts.
Effusion and synovitis
Effusion and synovitis are scored as part of the whole joint
component of CROAKS.
Whole joint component of CROAKS
The scoring for BMLs and articular cartilage is by subregions as
outlined above. Scoring of osteophyteswill be performed at deﬁned
locations or sites.
For each joint morphologic feature, we have listed the number
(if there aremultiple abnormalities), its location and grade. For BML
Fig. A6. BMLs. A. Sagittal fat-saturated proton density-weighted MR image shows a
grade 1 BML in the posterior subregion of the medial femur extending into the medial
central femoral subregion (arrows). B. BMLs at the medial (arrowheads) and lateral
(large arrow) femur and at the medial tibia (small arrow). Note that these BMLs are
partly in a subregion of cartilage repair (medial femur), partly distant from the repair
site. In addition there are osteophytes at the medial femur and tibia (gray arrowheads).
Fig. A7. Sagittal fat-saturated proton density-weighted MR image shows large BML in
the anterior lateral femur composed of an ill-deﬁned portion (arrows) and a cystic
portion (arrowhead) within the same lesion.
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the region.
BMLs and subchondral cysts
As BMLs (areas of ill-delineated signal within the trabecular
bone that are hypointense on T1-weighted images and hyper-
intense on T2-weighted fat-suppressed images) and sub-
chondral cysts (deﬁned as well-delineated lesions of ﬂuid
equivalent signal directly adjacent to the subchondral plate)
show a close pathophysiologic interrelation these are scored
jointly using a three-dimensional scale incorporating size of
lesion, % of lesion that is cystic vs non-cystic and number of
lesions per subregion. BMLs will be scored based on thestandardized regions outlined above. Multiple BMLs can occur
within each region.
Each subregion will be graded for BML (including ill-deﬁned
lesion and cysts) size in regard to the total volume of the subre-
gion occupied by BML(s) (Fig. 6). Consequently, a BML in a smaller
subregionwill be smaller when compared to a BML that is assigned
the same grade but is present in a larger subregion, or two BMLs of
the same absolute size might be assigned different grades if present
in subregions with differing volume.
Percentage of the volume of each BML that is BML (as distinct
from cyst) is graded as; grade 0 ¼ none, grade 1 < 25%, grade
2 ¼ 25e50% and grade 3 > 50%.
If a cyst is present without an associated BML, then cysts will be
scored as a 0 for size % of lesion that is BML (Fig. 7). The scoring for
size should be identical to that for BMLs.
Marrow signal within osteophytes will not be scored, however if
the lesion extends beyond the osteophyte then it should be
evaluated.
Cartilage
Although many joint structures are affected in OA, articular
cartilage is one of the main tissues involved in the OA disease pro-
cess. Each articular cartilage region (except the subspinous region) is
graded for area extentof loss and%of loss in this subregion that is full
thickness loss. Thus a two-digit score is applied with the ﬁrst digit
describing area size of lesion and the second digit describing per-
centage of subregion that is affected by full thickness loss. Scores of
1.0, 1.1, 2.0, 2.1, 2.2, 3.0, 3.1, 3.2 and 3.3 are possible (Fig. 8).
Osteophytes
Osteophytes are osteo-cartilaginous protrusions that may be
spur-like or resemble an osseous ridge on 3D assessment and that
are growing at the margins of osteoarthritic joints from a process
that involves endochondral ossiﬁcation. Previous studies have
highlighted this feature as a hallmark of disease2,3.
Osteophytes are scored in 12 locations or sites outlined belowand
gradedaccording to size from0 to3 (Fig. 9): along the trochlea, central
weight bearing and posterior margins of the femoral condyles and
Fig. A8. Cartilage lesions distant to the repair site. A. Sagittal fat-saturated proton
density-weighted MR image shows focal superﬁcial defect (grade 1.0) at the central
subregion of the lateral femur (arrow). B. Diffuse cartilage damage in the medial tibio-
femoral joint. There is a large area of full thickness denudation at the central subre-
gion of the medial femur with adjacent subchondral BML (arrow). In addition there is
diffuse full thickness loss (grade 2.2) at the central subregion of the medial tibia (white
arrowhead). Note superﬁcial cartilage damage at the posterior medial femur (black
arrowheads).
Fig. A9. Osteophyte assessment in the different imaging planes. M e medial, L e
lateral, A e anterior, P e posterior. In the sagittal plane only the lateral tibio-femoral
compartment is depicted. CROAKS assesses osteophytes in 12 locations altogether.
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and inferior margins of the patella (Fig. 10). Posterior femoral osteo-
phytes are assessed peripherally and centrally. The larger osteophyte
for either, peripheral or central, locationwill be scored.
Size of osteophyte should reﬂect protuberance (how far the
osteophyte extends from the joint) rather than total volume of
osteophyte.
Synovitis and effusion
Synovitis and effusion are frequently present in OA and are
correlated with pain and other clinical outcomes4e6. QuantitativeMRI markers of synovitis include thickness (or volume) of synovial
tissue and the rate of synovial enhancement following intravenous
injection of contrast material7.
As commonly employed contrast-enhanced sequences are not
available in large OA studies or longitudinal studies assessing
cartilage repair due to cost concerns and possible side reactions, a
surrogate of signal changes in Hoffa’s fat pad has been applied
that has been shown on biopsy to represent mild chronic syno-
vitis8. This abnormality is best described as diffuse hyperintense
signal on T2/PD/IW-w ft suppressed sequences within the fat pad.
It has to be noted that in addition to synovitis these signal
changes could also be attributed to other etiologies such as post-
arthroscopic changes or Hoffa’s disease9. Despite this non-
speciﬁcity these signal changes are referred to as “Hoffa-synovi-
tis” in CROAKS.
Hoffa-synovitis score is scored on a mid-line sagittal image as
one single score for assessment of degree of hyperintensity in
Hoffa’s fat pad based on the region outlined in Fig. 11.
The score is based on size: grade 0 ¼ normal; grade 1 ¼ mild,
grade 2 ¼ moderate, grade 3 ¼ severe.
Knees that have undergone a cartilage repair procedure often
show scarring in Hoffa’s fat pad with concurrent signal alterations
on MRI. These signal changes can not be distinguished from true
synovitis as only contrast-enhanced MRI is able to differentiate
between active inﬂammation or inactive scar tissue.
Effusions occur frequently in OA and in postoperative situations.
Recent studies suggest that large synovial effusions may be asso-
ciated with pain and stiffness in patients with OA. It is important to
note that “effusion” (ﬂuid equivalent signal within the joint cavity)
on T2/IW/PDw images includes synovitis and effusion10. Thus, this
imaging measure should preferably be referred to as “effusione
synovitis”.
Scores should be obtained from axial views. Image examples for
the different grades are presented in Fig. 12. Paraarticular cysts and
ganglia should not be included in this score as they are considered
separately.
Meniscus
The meniscus has many functions in the knee, including load
bearing, shock absorption, stability enhancement and lubrication11.
Degenerative meniscal lesions such as horizontal cleavages, oblique
or complex tears are associated with older age12. By the time
radiographic disease develops, the overwhelming majority of per-
sons have meniscal lesions13,14. The studies that have explored the
relationship between the meniscus and risk of disease progression
in OA provide a clear indication of the increased risk inherent with
damage to this vital tissue12,15. Changes in position (also termed
subluxation or extrusion) and meniscal morphologic change
manifest as tears or loss of substance have both been shown to
predispose to cartilage loss16,17.
Fig. A10. Osteophytes. Sites for osteophyte scoring. A. Superior and inferior patella
pole is scored on mid-line sagittal image. B. Anterior and posterior medial and lateral
femoral osteophytes are scored on axial images. Note that for two possible locations of
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Medial meniscus: Medial extrusion relative to medial tibial
margin (coronal image).
Medial meniscus: Anterior extrusion (sagittal image) e where
extrusion is maximum.
Lateral meniscus: Lateral extrusion relative to lateral tibial
margin (coronal image).
Lateral meniscus: Anterior extrusion (sagittal image) where
extrusion is maximum.
For each measurement the reference will be the edge of the tibial
plateau (excluding osteophyte). Extrusion is scored from0 to 3 (grade
0 e no extrusion, grade 1 e <2 mm, grade 2 e 2e5 mm, grade 3 e
>5mm). Figure13showsexamples formeniscal extrusion inCROAKS.
Morphology: Morphology is assessed for the medial and lateral
meniscus at the anterior, body and posterior horn. The anterior and
posterior horn regions are scored using the sagittal sequences and
the body is scored using the coronal sequences. Morphologic fea-
tures scored:
Grade 1 e Signal: grade 0 e absent, grade 1 e present (not
extending through meniscal surface i.e., not a tear).
Signal is deﬁned as above as compared with tears, which are
deﬁned as high signal extending to an articular surface on at least
two slices.
Grade 2 e Horizontal tear: grade 0 e absent, grade 1 e present.
Grade 3 e Radial Tear: grade 0 e absent, grade 1 e present.
- extending from the free edge in radial fashion toward the base
Grade 4e Longitudinal tear: grade 0e absent, grade 1e present.
- parallel to the meniscal base from superior to inferior extending
to both the femoral and tibial surfaces
Grade 5 e Complex tear: grade 0 e absent, grade 1 e present.
- as deﬁned by high signal that extends to two surfaces and
>three points
Grade 6 e Root tear: (posterior horn): grade 0 e absent, grade
1 e present.
Grade7ePartialmaceration: grade0eabsent, grade1epresent.
- as deﬁned by loss of morphological substance of the meniscus
Grade 8 e Progressive partial maceration: grade 0 e absent,
grade 1 e present.
- progressive partial maceration as compared to the previous visit
Grade 9 e Complete maceration: No more meniscal substance
visible.
Meniscal cyst: grade 0 e absent, grade 1 e present.
Meniscal hypertrophy: grade 0 e absent, grade 1 e present.
- deﬁned as deﬁnite increase in meniscal volume in given sub-
region when compared to normal.
Several image examples of types of meniscal morphology are
presented in Fig. 14.the medial and lateral posterior femur respectively, only the larger one is coded. C.
Four locations are assessed on coronal images, i.e., marginal osteophytes of the medial
and lateral femur and tibia (arrows). Note in addition there is superﬁcial cartilage
damage at the medial femur (grade 2.0, arrowhead) and marked meniscal extrusion
medially in this example (double-headed arrow).
Fig. A11. Hoffa-synovitis.Hyperintensity signal changeson fat-saturatedMRimageswithinHoffa’s fat padare scoredasa surrogate for synovitis. A.Grade1Hoffa-synovitis (arrow).B.Grade
2 Hoffa-synovitis (arrows). C. Scarring in Hoffa’s fat pad can not be distinguished from synovitis. These signal changes are scored grade 3 acknowledging the non-speciﬁcity of the ﬁnding.
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The ACLwill be recorded as normal, partial tear or complete tear.
Partial tears are deﬁned as a thinned hyper- or hypointense liga-
ment that may be elongated with some continuous ﬁbers pre-
served18. Complete tears are deﬁned as a ligament that is
discontinuous in all imaging planes assessed. Posterior cruciate
ligament (PCL) tears are exceptionally rare. These will be scored as
present or absent. Patellar tendon signal will be assessed in
addition.
ACL: Score: grade 0 e normal, grade 1 e partial tear, grade 2 e
complete tear.
Associated with BML/cyst at site of insertion or origin grade
0 e absent, grade 1 e present.
ACL Repair: grade 0 e absent, grade 1 e present.
PCL: Score: grade 0 e normal, grade 1 e complete tear.
Associated with BML/cyst at site of insertion or origin: grade
0 e absent, grade 1 e present.
Patellar tendon: grade 0eno signal abnormality, grade 1e signal
abnormality present.
Periarticular features and loose bodies
Pes anserine bursitis grade 0 e absent, grade 1 e present.This is a bursa that lies anterior and inferior to the medial tibial
plateau and is a potential source of pain around the knee. If there is
increased signal in this bursa, bursitis is scored as being present.
Iliotibial band (ITB) signal grade 0 e absent, grade 1 e present.
The ITB is a strong, dense, broad layer of fascia that is part of the
fascia lata. The ITB encases the tensor fasciae lata which helps to
steady the trunk on the thigh. 3/4 of the gluteus maximus inserts
into the iliotibial tract and the distal end inserts at the lateral tibial
plateau. High signal between the ITB and the femoral cortex may
represent irritation of the ITB and is common in medial OA. How-
ever, this is also a non-speciﬁc ﬁnding and often asymptomatic19. If
there is high signal in this structure, ITB signal should be scored as
being present.
Popliteal cyst grade 0 e absent, grade 1 e present.
Popliteal cysts are not true cysts and represent ﬂuid in the sem-
imembranosusemedial gastrocnemius bursa. The communication
between the joint space and gastrocnemiusesemimembranosus
bursa allows intraarticular joint ﬂuid to communicate with this
bursa20. If there is any ﬂuid in this region, this feature should be
scored as being present.
Pulse sequence: Optimal sequences for evaluating popliteal
cysts are proton density or T2-weighted axial images.
Fig. A12. Effusionesynovitis. Axial fat-saturated proton density or T2-weighted MR images are used to assess effusionesynovitis. A. Grade 1 effusionesynovitis is shown as
hyperintensity in the joint cavity without relevant capsular distension (arrow). B. Grade 2 effusionesynovitis is characterized by moderate capsular distension (arrows). C. Grade 3
effusionesynovitis shows marked capsular distension and diffuse hyperintensity within the joint cavity (arrows).
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This is a bursa located inferior to Hoffa’s fat pad adjacent to the
patellar tendon and is a potential source of pain around the knee. If
there is high signal in this bursa, this feature should be scored as
being present.
Prepatellar bursa signal grade 0 e absent, grade 1 e present.
This is a bursa that lies anterior to the patella and is a potential
source of pain around the knee. High signal anterior to the patella
tendon is a very common non-speciﬁc ﬁnding of often no clinical
relevance. True bursitis is characterized by well demarcated ﬂuid
equivalent signal within this structure; only then should this
feature be scored as being present.
Ganglion cyst
Associated with the tibio-ﬁbular joint: grade 0 e absent, grade
1 e present.
AssociatedwithPCLandACL: grade0eabsent, grade1epresent.
Other: grade 0 e absent, grade 1 e present.
Loose bodies: scored as grade 0 e absent, grade 1 e present.Technical considerations/pulse sequence protocol for CROAKS
Development of CROAKS was performed on a 3 T clinical plat-
form. If the scoring system may be applied with comparable reli-
ability using a 1.5 T MRI system needs to be shown. The minimum
requirements for a pulse sequence protocol applying CROAKS
would be proton density or intermediate-weighted fat-saturated
sequences in the three standard anatomical imaging planes.
Drawbacks of this abbreviated protocol would be inferior spatial
resolution especially for repair site assessment, inferior delineation
of osteophytes on fat-suppressed images and potential difﬁculties
in differentiating the subchondral lamina from cartilage. Feature
speciﬁc assessment is brieﬂy discussed in the following section:
BMLs
Suggested pulse sequences to evaluate BMLs are TSE T2-/inter-
mediate- or proton density-weighted fat-saturated or Short Tau
Inversion Recovery (STIR) sequences in the axial, coronal, and
Fig. A13. Meniscal extrusion. A. Arrow points to margin of tibial plateau. Grade 1
medial extrusion is seen on this proton density-weighted image (arrow). B. Grade 2
medial extrusion is depicted (arrowhead).
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venous administration of a gadolinium-based contrast agent may
be used alternatively7,10. 3D TSE sequences such as CUBE, VISTA,
XETA or SPACE have been shown to enable whole joint assessment
of osteoarthritis and might potentially be used also for BML
assessment for both components of CROAKS22e25.
Gradient echo-type sequences, even with robust fat suppres-
sion or water excitation, are insensitive to bone marrow abnor-
malities due to trabecular magnetic susceptibility of T2* effects,
which may result in underestimation of the size of non-cystic
BMLs26. Recent studies have demonstrated that these sequences
are also less sensitive in the detection of non-cystic BMLs when
using ﬂuid-sensitive FSE sequences as the reference standard27,28.
We do not recommend the use of these sequences for scoring
BMLs.Cartilage
Optimal pulse sequences to evaluate cartilage are still under-
going extensive review. We refer to current state of the art reviews
of imaging of articular cartilage29,30. For assessment of focal carti-
lage surface damage commonly used gradient-echo sequences such
as Spoiled Gradient Recalled Echo (SPGR), Fast Low Angle Shot
(FLASH), Dual Echo at Steady State (DESS) or similar are not suitable
as these depict focal defects in an inferior manner when compared
to standard T2-/IW- or PD-w fat suppressed TSE sequences31e34.
Osteophytes
Optimal pulse sequences to evaluate osteophytes are standard
non-fat-suppressed short TE-weighted (preferably T1 over proton
density) or gradient echo-type such as SPGR, FLASH, DESS etc.
images in the axial, coronal, and sagittal planes. They may also be
assessed on fat suppressed water-sensitive sequences3,26.
Effusion and synovitis
Suggested pulse sequences to evaluate regions for Hoffa-
synovitis are T2/IW- or PD-weighted fat-saturated images in the
mid-slices of the sagittal plane5,6.
Pulse sequences: True amount of joint effusion may be assessed
as intraarticular hypointensity on T1w images after i.v. contrast
administration. T2/IW/PDw images show intraarticular hyper-
intensity that represents a composite of effusion and synovitis10.
Meniscus
Optimal sequences to evaluate menisci are T1, T2w or proton
density fat-saturated images in both coronal and sagittal
planes35,36. As for BMLs, newly developed 3D FSE sequences might
alternatively be used for meniscal assessment37.
Ligaments
Optimal sequences to evaluate ligaments are coronal, axial and
sagittal, PD or intermediate-weighted, fat TSE images, while 3D
sequences also appear promising26,38,39. Additional paracoronal
T2-w sequences might be helpful to differentiate partial from full
thickness tears40. The value of ultrashort TE sequences for the
assessment of ligaments in clinical studies assessing cartilage
repair procedures needs to be shown41.
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Appendix II
Table AI
Table AII
Maximum grades for cartilage repair site features: individual knees
Knee No
Maximum grade for
feature*
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Feature
Subregion(s) of surgical
repairy
lcF mcF mcF, lcF,
lpF
mcF mP, lP mcF lcF, mT,
lT
mP, mT mP, lP mcF mP, lP,
lcF
mP mP, lP lP mcF mcF,
mpF
mcF lcF mcF mcF
Defect ﬁll 5 6 6 7 6 7 6 7 6 7 8 7 8 6 7 5 2 6 8 6
Cartilage interface APz 1 1 2 2 1 1 1 1 1 1 1 1 1 1 3 1 1 1 1 2
Cartilage interface MLz 1 2 1 4 1 1 1 4 1 1 4 1 1 1 2 1 1 1 1 1
Bone interface 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Surface of repair tissue 2 1 1 3 2 1 3 3 2 2 1 1 2 1 3 3 3 1 1 1
Structure of repair tissue 2 2 1 2 1 1 2 2 1 1 1 1 2 1 1 1 2 1 1 1
Signal of repair tissue 2 2 2 2 1 1 2 2 1 1 2 1 2 1 2 1 3 1 1 1
Subchondral lamina 1 2 1 2 1 1 2 2 1 1 1 1 2 1 1 1 2 2 2 2
Chondral osteophyte 1 1 1 1 1 1 3 2 1 1 2 1 2 1 1 2 1 1 1 1
Bone marrow edema 1 1 1 3 1 3 3 2 1 3 4 1 1 1 2 1 2 2 4 2
Subchondral bone 2 2 1 2 1 1 1 4 1 1 1 1 1 1 1 3 4 2 3 2
* Grades as explained in detail in Appendix 1.
y Thirty-one subregions scored for cartilage repair. lcF e lateral central Femur, mcF emedial central Femur, lpF e lateral posterior Femur, mP emedial Patella, lP e lateral
Patella, mT e medial Trochlea, lT e lateral Trochlea, mpF e medial posterior Femur.
z AP e anterioreposterior, ML e medialelateral.
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Frequencies of main MRI features whole joint (N ¼ 20 knees)
Grade 0 1 2 3 4 Subregions of surgical repair
Feature N (%) N (%) N (%) N (%) N (%) N
Cartilage area (14 sites, n ¼ 280) 204 (72.9) 5 (1.8) 40 (14.3) 0 (0.0) n/a 31
Cartilage % full thickness (14 sites, n ¼ 280) 236 (84.3) 5 (1.8) 8 (2.9) 0 (0.0) n/a 31
BML size* (15 subregions, n ¼ 300) 225 (75.0) 13 (4.3) 17 (5.7) 6 (2.0) n/a 31
Meniscus morphology (six subregions, n ¼ 120) 100 (83.33) 3 (2.5) 3 (2.5) 3 (2.5) 11 (9.2) n/a
Meniscus extrusion (four locations, n ¼ 80) 64 (80.0) 12 (15.0) 4 (5.0) 0 (0.0) n/a n/a
Osteophytes (12 locations, n ¼ 240) 118 (49.2) 88 (36.7) 29 (12.1) 5 (2.1) n/a n/a
ACL and PCL (n ¼ 40) 40 (100.0) 0 (0.0) n/a n/a n/a n/a
Effusion (n ¼ 20) 7 (35.0) 8 (40.0) 4 (20.0) 1 (5.0) n/a n/a
Synovitis infrapatellar (n ¼ 20) 15 (75.0) 4 (20.0) 1 (5.0) 0 (0.0) n/a n/a
Synovitis intercondylar (n ¼ 20) 8 (40.0) 8 (40.0) 3 (15.0) 1 (5.0) n/a n/a
* Eight unassessable subregions for BML evaluation.Table AIV
Maximum grades for main whole joint features: individual knees
Knee No
Maximum grade for feature:
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Feature
Cartilage area (14 subregions) 2 2 2 2 2 0 2 2 0 0 2 0 2 2 2 2 0 2 2 0
Cartilage % full thickness (14 subregions) 1 0 0 1 1 0 1 2 0 0 0 2 0 2 2 2 0 0 2 0
BML size (15 subregions) 2 1 0 2 3 2 2 3 2 1 1 0 2 2 2 3 0 2 0 0
Meniscus morphology (six subregions) 6 6 3 0 0 0 6 2 1 0 0 0 0 6 6 7 0 0 6 3
Meniscus extrusion (four locations) 1 1 1 0 1 1 1 0 1 0 0 1 1 2 2 2 0 0 1 1
Osteophytes (12 locations) 3 1 2 2 2 1 3 2 2 1 2 2 2 2 2 1 1 1 2 1
ACL and PCL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Effusion 2 1 1 2 1 1 1 2 0 0 0 0 1 3 2 0 0 1 1 0
Synovitis infrapatellar 0 1 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 2 0 0
Synovitis intercondylar 1 1 2 1 0 3 0 1 1 1 0 0 1 2 1 0 0 2 0 0References
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